Abstract To describe signal and contrast properties of an isotropic, single-slab 3D dataset [double inversion-recovery (DIR), fluid-attenuated inversion recovery (FLAIR), T2, and T1-weighted magnetization prepared rapid acquisition gradient-echo (MPRAGE)] and to evaluate its performance in detecting multiple sclerosis (MS) brain lesions compared to 2D T2-weighted spin-echo (T2SE). All single-slab 3D sequences and 2D-T2SE were acquired in 16 MS patients and 9 age-matched healthy controls. Lesions were scored independently by two raters and characterized anatomically. Two-tailed Bonferroni-corrected Student's t-tests were used to detect differences in lesion detection between the various sequences per anatomical area after logtransformation. In general, signal and contrast properties of the 3D sequences enabled improved detection of MS brain lesions compared to 2D-T2SE. Specifically, 3D-DIR showed the highest detection of intracortical and mixed WM-GM lesions, whereas 3D-FLAIR showed the highest total number of WM lesions. Both 3D-DIR and 3D-FLAIR showed the highest number of infratentorial lesions. 3D-T2 and 3D-MPRAGE did not improve lesion detection compared to 2D-T2SE. Multi-contrast, isotropic, single-slab 3D MRI allowed an improved detection of both GM and WM lesions compared to 2D-T2SE. A selection of single-slab 3D contrasts, for example, 3D-FLAIR and 3D-DIR, could replace 2D sequences in the radiological practice.
Introduction
Histopathological studies of patients with multiple sclerosis (MS) have provided evidence for lesions not only in the white matter (WM), but also in the cortical and deep gray matter (GM) [1] [2] [3] [4] [5] [6] . Magnetic resonance imaging (MRI) plays a prominent role in detecting and monitoring MS lesions in the brain. Quantitative analyses based on twodimensional (2D) T2-weighted spin-echo (T2SE) techniques (for example, T2 lesion loads and counts of active T2 lesions in longitudinal comparisons) have been investigated as possible surrogate markers for clinical disease progression.
However, cross-sectional and longitudinal analyses, focusing on focal white matter pathology, have generally shown only mild to moderate correlations to clinical measures [7, 8] . The fact that 2D-T2SE is relatively insensitive for detecting MS lesions in some parts of the brain, particularly the cortical GM [9] , combined with imperfect registration to compensate for repositioning errors, likely contributes to the poor clinico-radiological correlations found so far. Hence, new MRI techniques are needed that improve the detection of MS lesions in the brain and allow for a more accurate means of longitudinal comparison.
The detection of MS lesions may be improved in two ways: (1) by enhancing lesion-to-background contrast and (2) by improving spatial resolution. Two-dimensional (2D)-fluid-attenuated inversion-recovery (FLAIR) nulls the signal of cerebrospinal fluid (CSF), thereby increasing contrast between lesions and adjacent CSF. Studies using 2D-FLAIR indeed demonstrated an increased detection of WM lesions compared to 2D-T2SE, especially so for subcortical lesions, although at the cost of infratentorial lesion detection [10] . The 2D double inversion recovery (DIR) technique combines two inversion pulses that suppress the signals of both CSF and WM, creating an image with a clear cortical delineation and demonstrated high lesion conspicuity [11] . Regarding the improvement of spatial resolution, three-dimensional (3D) MRI allows for the acquisition of smaller (isotropic) voxels while maintaining a good signal-to-noise ratio (SNR). Initially, FLAIR and DIR could only be implemented as multi-slab 3D sequences; nevertheless, FLAIR demonstrated an improved detection of WM lesions [12, 13] , and DIR showed an improved detection and classification of cortical lesions [14] , all compared to 2D-T2SE. A recent paper showed that, aside from with DIR, cortical lesions could also be visualized employing a 3D T1-weighted sequence [15] . In spite of improved lesion detection, the relatively long acquisition times of multi-slab 3D sequences have so far hampered their introduction into the clinical setting. The advent of single-slab 3D methods, which use very long echo trains and refocusing pulses with variable flip angles, allowed whole-brain acquisition of FLAIR and T2 images [16] . The advantages of singleslab 3D imaging over multi-slab 3D imaging are a significant reduction of acquisition times and the absence of venetian-blind and flow artifacts. Recently, a singleslab 3D-DIR sequence was developed in order to expand the range of single-slab 3D-based contrast mechanisms for MS lesion detection [17] . So far, single-slab 3D sequences have not been comprehensively evaluated to determine their sensitivity in the detection of MS lesions in various parts of the brain. Furthermore, they have not been compared to a standard imaging technique such as 2D-T2SE, which is used routinely in both clinical treatment trials and the clinical radiological setting and has as such been incorporated into various MR imaging guidelines in MS [18] [19] [20] .
Hence, the goal of the current study was to describe signal and contrast properties of an isotropic, single-slab 3D dataset (DIR, FLAIR, T2, and T1-MPRAGE) and to prospectively evaluate its performance in detecting MS brain lesions compared to a 2D-T2SE sequence.
Materials and methods

Patients and controls
Sixteen patients (9 women) with clinically definite MS [21] , of which 5 with secondary progressive MS and 11 with relapsing-remitting MS, were randomly selected from a clinical database. Mean age of patients was 39.5 years (range 24.6-56.6), median expanded disability status scale score (EDSS) [22] was 2.0 (range 1.0-6.5), and mean disease duration was 10.4 years (range 4.0-26.4). In addition, nine age-matched healthy controls (three women), mean age of 32.0 years (range 22.9-53.5), were examined. The study protocol was approved by the local ethics review board, and all subjects gave written informed consent before investigation.
MR image acquisition
Imaging was performed on a 1.5 T whole body MR system (Siemens Sonata, Erlangen, Germany), using a standard circularly polarized head coil. Five sequences were acquired per subject in pseudo-randomized order, 2D dual-echo T2SE, single-slab 3D-DIR, 3D-FLAIR, 3D-T2 and a 3D-MPRAGE. The single-slab 3D sequences have very long echo trains, made possible by the use of refocusing pulses with variable flip angles [16] . As a result, the effective echo time of 349 ms produces a T2 contrast approximately equivalent to a TE of 100 ms in 2D fast spin-echo sequences [23] . Because all radio frequency pulses in the single-slab 3D sequences are non-spatially selective, the 3D slab was placed in the sagittal orientation, with read-out in the head-to-feet direction to prevent infolding. For more technical details and artifact descriptions refer to [16] and [17] . To obtain a high spatial resolution within clinically acceptable acquisition times (below 10 min), the inversion times for 3D-FLAIR and 3D-DIR were optimized at a chosen TR of 6500 ms. Sequence parameters and acquisition times are listed in Table 1 .
Image analysis
The sagittal 3D images were orthogonally reformatted (i.e., without interpolation) into the axial plane. All images were analysed using a digital workstation (Centricity Radiology RA 600, GE Medical Systems, Fairfield, CT). First, images from all controls were analyzed to identify possible artifacts and abnormalities. Subsequently, a training session was held, in the presence of an experienced reader, to ensure that both independent readers used the same criteria to characterize GM and WM lesions within the different anatomical areas. Images were scored independently by the two readers, with the order of the sequences being randomized, to avoid recall bias. Lesions were characterized anatomically as follows: intracortical, mixed WM-GM, juxtacortical, deep GM (including the internal capsule), periventricular WM (directly abutting the ventricles or clearly connected to lesions abutting the ventricles), deep WM, and infratentorial. In addition, three combined areas were defined: total cortical (intracortical + mixed WM-GM + juxtacortical), total WM (periventricular WM + deep WM), and overall (total of all anatomical areas). Lesions extending over multiple slices were scored only once.
Signal and contrast properties
Signal intensities (SIs) were determined by placing regions of interest (ROIs) on the original datasets. ROIs were placed in lesions (only in WM lesions because GM lesions generally have the same signal intensities as WM lesions and are commonly too small for accurate ROI-based measures), WM, GM (hippocampus, amygdala and cingulate gyrus), CSF, and air (noise). Signal-to-noise ratios (SNRs) were calculated as: SNR = SI/Standard Deviation of the noise (SD noise ). The SD noise was corrected for the underestimation that is due to magnitude reconstruction of the images [24] . In addition, lesion contrast ratios (CRs) were determined between lesion and WM and between lesion and GM using the following equation: CR=|SI 1 -SI 2 |/ SI 2 , where SI 1 denotes the signal intensity of lesion.
Statistical analysis
Per patient, the averages of the independent lesion counts of both readers, for each anatomical area and sequence, were calculated. Subsequently, these data were used to calculate the mean and standard deviation (SD) of lesion numbers of all patients per anatomical area and sequence. Because data were not normally distributed, a log transformation was applied. Two-tailed paired Student's t-tests, adjusted for five pairwise comparisons (Bonferroni), were used to test for statistical differences among the five sequences per anatomical region. Corrected p-values of less than 0.05 were considered statistically significant. The intraclass correlation coefficient (ICC) [25] was calculated, using the log transformed data, with a variance component analysis to express interobserver agreement. The ICC ranges from zero to one with a higher ICC indicating a higher level of agreement. All statistical calculations were performed with SPSS version 12.0 (SPSS, Chicago, IL).
Results
Control subjects
Images from healthy controls, particularly the 3D-DIR and 3D-FLAIR images, contained several areas of intrinsically high signal intensity, such as the choroid plexus (Fig. 1) . Small caps around the ventricles (Fig. 1) were also frequently seen, as described previously, for multi-slab 3D sequences [13, 14] . On the 3D-MPRAGE images vascular structures were recognizable as circular areas of low signal intensity in and around the cortex. The mean number for overall amount of lesions scored per control subject, presumably of vascular origin, was 0.3 lesions on The long inversion time is the duration between the two inversion pulses, and the short inversion time is the duration between the second inversion pulse and the excitation pulse 2 The sequence was scanned in an interleaved style 3D-DIR, 0.4 on 3D-FLAIR, 0.2 on 3D-T2, 0.1 on 3D-MPRAGE, and 0.2 on 2D-T2SE.
MS patients
The mean number (SD) for overall amount of lesions scored per patient was 88.8 (67.8) on 3D-DIR, 100.4 (72.3) on 3D-FLAIR, 77.8 (54.6) on 3D-T2, 83.5 (71.9) on 3D-MPRAGE, and 82.4 (60.6) on 2D-T2SE images. The mean numbers per anatomical area, including statistical differences, are listed in Table 2 . The highest numbers of intracortical and mixed WM-GM lesions were scored on 3D-DIR (Fig. 2) . Both findings were significantly higher compared to 2D-T2SE (p=0.036 and p=0.019, respectively). By comparison, the lowest number of juxtacortical lesions was seen on 3D-DIR, whereas the most were scored on 2D-T2SE images; however, this difference was not significant (p=0.086). The highest number of WM lesions was scored on 3D-FLAIR, which was significant compared to 2D-T2SE (p=0.002). 3D-DIR showed the smallest number of deep WM lesions, although not significantly compared to 2D-T2SE. Both 3D-DIR and 3D-FLAIR, although not significant when compared to 2D-T2SE (p= 0.237 and p=0.173, respectively), showed the highest detection of infratentorial lesions (Fig. 3) .
Intraclass correlation coefficient 
Signal and contrast properties
Mean SNRs and CRs, as well as their respective standard deviations, are listed in Table 3 . The 3D-DIR showed the highest CR for Lesion-WM (10.8±2.8), corresponding with the lowest SNR for WM (2.7±1.0) (and CSF), due to successful signal suppression.
Discussion
Recent technological advances have made it possible to acquire a multi-contrast, isotropic, single-slab 3D dataset.
In the current study we assessed this dataset for its signal and contrast properties and its benefit in the detection of different types of MS brain lesions compared to a 2D-T2SE sequence. 3D sequences, with their intrinsically higher SNR and small, nearly isotropic voxel dimensions, have several intrinsic advantages for post-processing purposes over 2D sequences. The 3D images can be easily reformatted without loss of image quality, which allows the selection of optimal viewing planes for various anatomical structures (see, e.g., Fig. 4 ). In addition, images can be registered more accurately, allowing for a more precise determination of spatiotemporal disease activity, which is important for longitudinal studies. Finally, the absence of flow artifacts improves lesion visualization in the posterior cranial fossa. The evaluation of this 3D dataset showed an increased detection of both gray and white matter lesions in comparison with a 2D-T2SE sequence. A conducive factor is the decrease in slice thickness, which is strongly associated with increased lesion detection [26, 27] . Several authors have previously reported increased detection of WM lesions using 3D multi-slab FLAIR sequences [12, 13, 26] . In our study, the highest number of WM lesions was Fig. 1 Two axially reformatted images from the same young healthy control, no contrast applied. A: 3D-FLAIR (TR/TE/TI 6500/349/2200 ms) and B: 3D-DIR (TR/TE/TI1/TI2 6500/349/2350/350 ms). Note two typical areas with high signal intensity on both sequences, arising from the choroid plexus (straight arrows) and from periventricular transependymal effusion (arrowheads) also detected on 3D-FLAIR. Moreover, significantly more lesions were detected in the deep WM with 3D-FLAIR, compared to 3D-DIR. This was especially distinct for small lesions and may be explained by partial suppression of WM lesions (due to the combination of the two inversion pulses of the 3D-DIR sequence) and reduced intensity of partial volume effects around lesions. In this study the highest numbers of infratentorial lesions were scored on Overall = Total of all anatomical areas *Significantly higher (p<0.05) compared to 3D-DIR, † to 3D-FLAIR, ‡ to 3D-T2,^to 3D-MPRAGE, and # to 2D-T2SE, based upon logtransformed data after Bonferroni correction **Both the first and second echo images were used to detect and characterize lesions Table 1 ). Images show several gray matter and white matter lesions. Straight arrows point out a juxtacortical lesion. Delta arrows point out a mixed WM-GM matter lesion that invades the cortical mantle. Arrowheads point out an intracortical lesion clearly seen on 3D-DIR and to a lesser extent on the other images 3D-DIR and 3D-FLAIR images, which is in contrast with previously reported decreased detection in the posterior cranial fossa [10, 12, 13] . As stated above, this is related to the absence of blood and CSF flow artifacts in the 3D sequences, especially in the posterior cranial fossa (Fig. 3) , which is explained by the single-slab nature of the sequence employing non-spatially selective radio-frequency pulses [28] . This is an important finding, as infratentorial lesions Table 1 ). The 2D-T2SE image had a slice thickness of 3 mm, whereas the 3D sequences had a 1.3 mm slice thickness. Note the flow artifacts in the 2D-T2SE image from the basilar artery (straight arrows) and from the left transverse sinus (delta arrow), and note the absence of flow artifacts in the 3D images. Also note the lesions in the pons and cerebellar peduncles and in the left trigeminal nerve (arrowheads)
were found to strongly predict long-term disability in patients with initial findings suggestive of MS [29] . 3D-DIR allowed an improved detection of lesions located intracortically or at the border of WM and GM (mixed WM-GM). The highest number of juxtacortical lesions was detected on 2D-T2SE, which likely represents a re-classification phenomenon. Lesions classified on 2D-T2SE images as juxtacortical were often seen to invade the Table 1 ). First and second columns show axial and coronal reformatted MR images, respectively; third column shows original sagittal images. Due to the near isotropic resolution, image quality is preserved in all orientations. Note the (intra)cortical lesion in the right posterior cingulate gyrus (arrowheads) cortical mantle on 3D-DIR images and were therefore scored as mixed WM-GM lesions. These results confirm the previously reported improved detection and classification of cortical MS lesions using multi-slab 3D-DIR [16] . Although the CR for lesion-GM was lower on the 3D-DIR (0.5±0.1) compared to 3D-T2 (0.6±0.2), the CR for lesion-CSF was much higher (10.6±3.1) compared to 3D-T2 (0.2±0.1), which indicates that the surrounding high signal of CSF on the 3D-T2 obscured (intra)cortical lesion detection. In accordance with [15] , we observed both intracortical and mixed WM-GM lesions as hypointense areas on the T1-weighted 3D-MPRAGE. Interestingly, several cortical lesions were observed that were clearly visible on 3D-MPRAGE images, but were hardly or not visible on 3D-DIR and vice versa. Spatial variations in the T2 relaxation times throughout the cortical ribbon [30] might influence cortical lesion conspicuity and/or the 3D-MPRAGE might be more sensitive to lesions that represent a more chronic form of disease, in which prolongation of T1 relaxation time is more prominent than its T2 counterpart. Future studies will have to further investigate the nature of T1 hypointensity of cortical lesions and the benefit of the 3D-MPRAGE for the detection of black holes.
The images in this study were independently scored by two observers, and ICCs were calculated to express interobserver agreement. The overall highest ICC was calculated for 3D-MPRAGE (0.88) followed by 3D-FLAIR (0.86) and 3D-DIR (0.81), compared to an ICC of 0.64 for 2D-T2SE. Besides improved detection, the 3D sequences also appear very robust with ICCs indicating a more than good level of agreement between raters.
The shorter acquisition times of the single-slab method, for example, 9.8 min for the single-slab 3D-DIR versus 15.3 min for the multi-slab DIR [14] , facilitate the introduction of this method into the clinical setting. Although 1.5 T is still the dominant clinical field strength, 3 T scanners are becoming more common. In a study comparing 3 T to 1.5 T, an increase of 13% in WM lesion detection was found for both 2D-FLAIR and T2SE [31] . The current study was performed at 1.5 T, using a standard circularly polarized head coil. Increased SNR might be obtained either by increasing the field strength or by using multi-channel phased array coils. Especially the 3D-DIR sequence will benefit from higher SNR, because of its intrinsically low SNR. For the 3D-FLAIR, 3D-T2 and 3D-MPRAGE, the increase in SNR can be used either to increase spatial resolution or to decrease acquisition time (by using parallel acquisition techniques). On the other hand, the decrease in acquisition times and slice thickness while maintaining or even improving spatial resolution and SNR will result in an increasing number of images that need to be analyzed. While advantageous for postprocessing techniques and research aims, this development will put an increasing strain on the radiological practice and gives impetus to introduce and improve techniques that visualize only areas of change, such as image subtraction [32] .
Besides reducing acquisition times, by use of, e.g., parallel imaging techniques, a choice can also be made for specific contrasts from the 3D dataset. In case of time constraints, for example, in an acute clinical setting, acquisition times can be reduced to less than 20 min by applying only 3D-FLAIR and 3D-DIR. These sequences provided the highest sensitivity for GM, WM, and infratentorial lesions, whereas 3D-T2 and 3D-MPRAGE did not demonstrate an improved detection of lesions in any of the anatomical areas compared to any of the other sequences, in particular 2D-T2SE. The reported increased sensitivity for lesions in various parts of the brain could lead to an earlier diagnosis of the disease as MRI criteria are strongly embedded in the diagnostic criteria for MS [33, 34] . Indeed, this was recently reported, although with the use of 2D sequences applied at higher field strength (3 T) instead of applying single-slab 3D imaging at 1.5 T [35] . Furthermore, the increased sensitivity for (intra) cortical lesions using 3D-DIR could improve the clinicoradiological correlations as lesions in eloquent gray matter areas could substantially contribute to clinical disability. Future studies with a larger sample size would have to evaluate the specific benefits of multi-contrast, single-slab 3D imaging with respect to clinical correlations and an earlier diagnosis of the disease. A future clinical protocol based on the single-slab 3D dataset presented here would ideally also include contrast-enhanced 3D-MPRAGE images to demonstrate disruption of the blood-brain barrier. Furthermore, such a protocol could include quantitative MR techniques such as magnetization transfer (MTR) and diffusion tensor imaging (DTI), and what the additional value of these techniques is for the identification of focal pathology compared to multi-contrast, single-slab 3D imaging should be examined.
In this paper, the multi-contrast nature of the protocol could have been exploited more fully, by one-on-one lesion evaluation of all four contrasts simultaneously. However, the primary goal of the current study was to describe general signal and contrast properties of the 3D dataset, as well as its overall performance in detecting lesions in different anatomical areas. Future studies will have to demonstrate the specific benefits of each separate contrast (or combinations thereof) for various post-processing purposes. Furthermore, it would have been possible to reslice the 3D sequences in the orientation of the 2D sequence to equate slice orientation and thickness. However, such a strategy would have degraded image quality and would not have optimally utilized the intrinsic ability of the single-slab 3D method to acquire thin slices with good SNR.
In conclusion, a multi-contrast, single-slab 3D dataset with near-isotropic voxels was presented and evaluated in MS patients. An increased detection of both GM and WM lesions was found compared to 2D-T2SE. 3D-DIR showed the highest detection of intracortical and mixed WM-GM lesions, while 3D-FLAIR allowed for the highest detection of WM lesions. Due to the absence of flow artifacts in the posterior cranial fossa, both 3D-DIR and 3D-FLAIR enabled an improved visualization of infratentorial lesions. Furthermore, (intra)cortical lesions were also visualized with a 3D T1-weighted sequence (MPRAGE). Finally, a selection of single-slab 3D contrasts, for example 3D-FLAIR and 3D-DIR, could replace 2D sequences in the radiological practice.
